the advent of elective cardiac arrest, 1 the changes in heart muscle subjected to prolonged ischemia have captured the interest of clinicians and investigators. A previous paper from this laboratory has demonstrated that myocardial glycogen, ATP* and creatine phosphate fall progressively during the first 2 hours of myocardial ischemia. 1TMPT and inorganic phosphate rise. 2 The present paper investigates in a more detailed fashion changes in the glycolytic pathway of heart muscle during 15 minutes of anaerobiosis and reports certain observations on the glycolytic pathway and on ATP resynthesis when the ischemic heart is again perfused with oxygenated blood.
S INCE the advent of elective cardiac arrest, 1 the changes in heart muscle subjected to prolonged ischemia have captured the interest of clinicians and investigators. A previous paper from this laboratory has demonstrated that myocardial glycogen, ATP* and creatine phosphate fall progressively during the first 2 hours of myocardial ischemia. 1TMPT and inorganic phosphate rise. 2 The present paper investigates in a more detailed fashion changes in the glycolytic pathway of heart muscle during 15 minutes of anaerobiosis and reports certain observations on the glycolytic pathway and on ATP resynthesis when the ischemic heart is again perfused with oxygenated blood.
Methods
Mongrel dogs, weighing 15 to 25 Kg1., were used. The animals were anesthetized with sodium pentobarbital and given 50 ing. of heparin intravenously for anticoagulation. Under artificial respiration, the chest was opened and the pericardium incised. The first sample of myocardium was obtained by rapidly amputating the apex of the left ventricle. The heart was rapidly removed from the body and placed in an oxygen free saline bath at 38 C. A Gregg cannula was introduced into the left coronary artery and sutured into place. Saline was flushed through the left coronary bed to prevent formation of intravascular inicrothrombi. 3 The second sample of myocardium was obtained after 15 minutes of anoxia. As soon as the second sample was obtained, the coronary system was perfused with well oxygenated blood previously collected from a donor dog and kept at 3S C, or with a deoxygenated balanced salt solution.* Seventy to 100 mm. Hg constant pressure was used for perfusion. The cut ends of coronary arteries as identified by jets of blood were clamped with small hemostats. Further samples of ventricular muscle were obtained at the periods specified. In some experiments, KC1 (15 mmoles per liter) was added to the perfusing blood to prevent myocardial activity. All samples were obtained from a previously undamaged section of the left ventricle.
When it was desired to perfuse the heart directly from a donor dog, a different arrangement was necessary. After the control sample had been obtained, the heart was transferred to a humid 37 C. incubator, gassed with nitrogen. The left coronary artery was cannuln ted as above and flushed with saline. After 15 minutes of anoxia, a second sample of ventricular muscle was excised for analysis. The left coronary artery was then perfused from the femoral artery of a donor dog. The venous outflow was collected and returned to the femoral vein of the donor animal by means of a Sigmamotor pump. Multiple samples of ventricular muscle were obtained during the perfusion.
The method of sampling employed might tend to bias the results, since parts of the myocardium distant from the large coronary vessels must be taken first. Such nonrandom sampling should not affect glycogen determinations, since significant differences in myocardial glycogen content have been found only between right and left ventricle. 4 The significance of changes in ATP will be considered in the discussion. The changes reported in IiMP are reversible and striking. To attribute such changes to sampling, one would have to assume areas of high concentration lying between areas of low concentrations. The concentration of lactic acid has been noted to be similar in areas as for removed as the left and the right ventricles. 4 Reasonable errors in other glyeolytie intermediates resulting from this type of sampling would not affect the conclusions of this paper.
In 2 experiments, the heart was perfused for 15 minutes with the anoxic Tris-buffer solution so that recovery from the perfusion fluid could be made. In these experiments, the apex of the heart was not amputated. A Gregg cannula was placed in the left coronary artery and the heart transferred to a 37 C. incubator, gassed with nitrogen. At the end of 15 minutes of ischemia, perfusion was started with deoxygenated Tris-buffer solution, propelled from a small reservoir by a Sigmamotor pump under a mean pressure of 70 to 100 mm. Hg. The perfusion fluid returned by gravity to the reservoir. By this method, the heart could be continuously perfused witli a total volume of less than 50 ml. This perfusion fluid was then analyzed for HMP and lactic acid.
Analytical Procedures
After excision, samples weighing 0.6 to 1.5 Gin. were homogenized in a Potter-Elvehjem glass honiogenizer, some in cold 5 per cent trichloracetic acid and others in cold 5 per cent perchloric acid. Between 1 and 2 minutes elapsed between the excision and the inactivation of the samples. The samples were not frozen with liquid nitrogen, because even with this method the thickness of these samples prevents rapid and complete inactivation of the metabolic processes. 5 The trichloracetic acid digest was used to determine glyeogen, inorganic phosphorus and lactic acid. Glyeogen was analyzed by the anthrone method of Roe and co-workers. 0 Glyeogen has been noted to differ between the right and left ventricle. 4 In the instances when right ventricular muscle was used, the right ventricular glyeogen content was multiplied by a factor of 0.S3 in order to obtain comparable values between the muscles of the 2 chambers. 4 Simultaneous determinations of the glyeogen content of the right and left ventricles in this laboratory have confirmed these data and have shown no difference between glyeogen content of the apex and the free well of the left ventricle. Lactic acid was determined by the method of Barker and Summerson, as modified by LePage, after CuS0 4 CaO precipitation of interfering substances. 7 HMP, ATP, fructose 1,0-diphosphate, dihydroxyacetone-phosphate, and pyruvate were determined, using the perchloric acid digest. ATP and HMP were determined spectrophotometrically by means of the hexokinase, glucose-6-phosphatedehydrogenase assay." In the latter case, hexokinase activity of the Zwischenfermcnt preparation was suppressed by replacing the activating cation by K + in the presence of K-ethylenediaininotetracetate.t The HMP fraction contains mainly glucose 6-phosphate. However, fructose 6-phosphate may also bo included depending on the phosphohexoseisomerase activity of the Zwisehenferment. Fructose 1,6-diphosphate and dihydroxyacetonephosphate were determined spectrophotometrically by means of the coupled aldolase, «-glycerophosphate-dehydrogenase assay, and pyruvate by means of the lactic-acid dehydrogenase assay. 8 sent the actual concentrations present in the normal heart. Glycogen is broken down at such a rapid rate in mammalian muscle that changes in glycogen and HMP occur within the time required to remove and inactivate the muscle sample.
All values are expressed in terms of wet weight of heart muscle. The possible significance of water shifts must be considered. During the initial 15 minutes of ischemia, no fluid is perfusing the coronary bed. Hence, water shifts from one compartment to another should not affect the concentrations as determined in these experiments. More significant water shifts, especially edema of the myocardium, might be expected to occur during the reperfusion phase. In some of the experiments, as listed below, the ATP concentration returns to the control level, within 4 to 10 minutes. It is felt that return to control levels of ATP when almost all the nucleotides are normally present in this form in cardiac muscle 10 speaks against significant edema.
The iinoxic Tiis-buf¥er perfusion fluid was analyzed for HMP and lactic acid. The HMP in the barium soluble, alcohol insoluble fraction," and the Circulation Research, Volume VIII, September 1960 lactic acid in the barium soluble, alcohol soluble fraction, 7 were analyzed by the above methods.
Probability values were obtained by analysis of variance. 11 
Results Changes During Fifteen-Minute Period of Anoxia
The changes resulting from glycogenolysis are summarized in table 1. The fall in glycogeu is as expected. There is a significant increase in HMP and in lactic acid. The glycogen decrease is roughly aceouuted for in the increased concentrations of these 2 compounds. When all experiments in table 1 are averaged, the mean glycogen decrease is 0.69 mmoles per 100 Gm. heart muscle. The increase of HMP pins lactic acid accounts for the breakdown of 0.65 mmoles glycogen per 100 Gm. heart muscle. There is no accumulation of fructose 1,6-diphosphate, dihydroxyacetone phosphate, or pyruvate. ATP declines as expected (table 2) . 
Changes During Reperfusion with Oxygenated Blood
When the anoxic hearts were perfused with oxygenated blood, there was an initial adynamie phase, usually lasting 1 to 2 minutes. This period was followed by fibrillation or irregular, ineffective ventricular contractions.
In the experiments in which potassium chloride was added to the perfusing blood, the heart remained quiet. Changes in myocardial glycogen concentrations during reperfusion with oxygenated blood were inconstant and did not seem to depend on the type of perfusion apparatus used (table 3) .
The concentration of HMP in the heart muscle declined rapidly during perfusion with oxygenated blood reaching near normal levels at the end of 5 minutes (table 4) . The fall occurred in every experiment.
The myocardial ATP concentration rose during the first 2 minutes of perfusion, whether the heart was perfused with blood from a pressure bottle or directly from a donor dog (table 2) . That rise was seen in every experiment except 1 in the KCl group. When all the experiments are grouped together, the ATP concentration rises from a mean of 0.210 mmoles/100 Gm. heart muscle to a mean of 0.248 mmoles/100 Gm. heart muscle (or from 72 to 85 per cent of the preiseheinic mean concentration) during the first 2 minutes of perfusion. These figures are significant (p<.005).
In the experiments in which KCl was added to the perfusion fluid the rise continued, the concentration of ATP reaching the initial level in 4 to 10 minutes ( fig. 1 ). In those experiments in which the heart was allowed to beat or to fibrillate, no consistent directional trend could be discerned after the first 2 minutes of reperfusion (table 2) .
Changes During Reperfusion with Anoxic Tris-buffer Solution
When, after 15 minutes of! ischemia, the myocardium was perfused Avith deoxygenated Tris-buffer solution for 15 minutes, there was continued fall in the concentration of glycogen. The level of IIMP also fell during this perfusion (table 5) .
In 2 experiments, the Tris-buft'er perfusion fluid was analyzed for lactic acid and for IIMP after 15 minutes of circulation. Lactic acid 0.23 and 0.32 mmoles per 100 Gm. heart muscle was recovered from the approximately 50 nil. of perfusion fluid. No detectable amount of HMP (less than 0.0003 mmoles) could be found.
Discussion The glycogen broken down in the anoxie myocardium is roughly accouuted for as HMP and lactic acid. The conclusion that no other glycolytic intermediates accumulate is substantiated by the finding of slightly, but not significantly, decreased concentrations of fructose 1,6-diphosphate, dihydroxyacetonephosphate and pyruvate. These facts suggest that the rate with which glycogen is broken down to HMP in the anoxic heart exceeds the rate with which lactate is formed from HMP. Increased substrate saturation of phospho-I'ructokinase leads in turn to an increase in the formation of lactic acid, as illustrated by its accumulation in the muscle. However, despite the fact that substrate saturation is favored under these conditions, phosphofructokinase remains the rate limiting enzyme in the glycolytic system. Muscle during contraction, as shown by Cori and Cori, exhibits an essentially identical metabolic pattern. 12 ' 33 The concentration of HMP always fell during reperfusion with oxygenated blood, rapidly reaching levels near normal. Since in many experiments glycogen breakdown continued during reperfusion, the possible reasons for HMP decline other than decreased rate of glycogenolysis are of some interest. The hearts perfused with anoxic Tris-buffer solution also showed a decline in HMP, despite continued glycogenolysis. This decline in HMP would not be expected had the hearts IOO 1= 80- Effect of 15 minutes of myocardial ischemia, followed by reperfusion with oxygenated blood on the adenosinetriphosphate concentration of the heart muscle. In these experiments, cardiac arrest was maintained by the addition to KCl to the perfusing blood.
-
been left without perfusion.-Therefore, some aspect of the perfusion itself must be invoked to explain this decline in hearts with continued glycogenolysis. It seemed possible that the heart muscle might have become profoundly altered in its structure during anoxia, 14 thus leading to increased permeability of the cell and resultant washout of HMP during the anaerobic perfusion. However, although lactic acid was present in the Trisbuft'er perfusion medium, after 15 minutes of reperfusiou, only traces of IIMP could be detected in the perfusate. IIMP must therefore hav e been diminished as a result in intracellular processes. It is likely that the decline is the result of increased activity of phosphofructokinase because (a) glycogenolysis continued unabated so that IIMP production must remain high, (b) removal of HMP through the IIMP shunt can be disregarded since this pathway is of only minor importance in muscle, 1 "' and (c) muscle does, not exhibit glucose 6-phosphatase activity. The possibility must be considered that the diminution in HMP could result from changes.in DANFOETH, NAEG-LE, BING intracellular compartmentalization, a concept which has been invoked by Cori 12 ' 10 to explain increased phosphofructokinase activity during muscle contraction. However, it is difficult to see how this factor could be operating to a large extent in the anoxie perfused rather than the nonperfused organ; one would have to assume that perfusion of the heart with salt solution damages the cells, resulting in decreased compartmentalization. The likelihood that the diminution in HMP observed during perfusion with buffer results from increased activity of phosphofructokinase, in turn caused by increased concentration of magnesium relative to that of ATP, 17 ' 18 also seems unlikely. The concentration of magnesium in the perfusion fluid was only 0.0012 M/L., which is less than the intracellular concentration of this ion. It seems more probable that removal of the lactic acid favors increased net rate of the reactions from HMP to lactic acid. ATP was rapidly resynthesized when arrest was induced with added KC1. The concentration reached initial levels in 4 to 10 minutes ( fig. 1 ). This fact indicates that there is a sufficient supply of adenosine nucleotides in heart muscle after 15 minutes of anoxia for resynthesis.of ATP. It also makes it unlikely that the sampling technic used affected the concentrations of ATP. When KC1 was not added to the perfusing blood, either fibrillation or myocardial contractions began within 2 minutes. In these cases, further rise in ATP after the first 2 minutes of re perfusion was inconstant and frequently not maintained, suggesting that this cardiac activity either utilized ATP or interfered with its S3aithesis.
Summary
During a' 15-minute period of myocardial ischemia, glycogen concentration fell. This decrease was roughly accounted for by increases in hexosemonophosphate and lactic acid. Fructose 1,6-diphosphate, dihydroxyacetone-phosphate and pyruvate did not accumulate. The myocardial concentration of adenosinetriphosphate declined. Reperfusion of the ischemie heart with oxygenated blood was accompanied by inconstant changes in myocar-dial glycogen and by rapid lowering of hexosemonophosphate. The hexosemonophosphate decrease occurred even when the ischemie myocardium was perfused with a deoxygenated buffered salt solution and is attributed in part at least to lactic acid washout. Adenosinetriphosphate rose steadily when the heart was perfused with oxygenated blood containing 15 mmoles KC1 to prevent cardiac activity. When KC1 was not added, fibrillation and irregular contractions occurred within 1 to 2 minutes. In these instances, the rise in adenosinetriphosphate was irregular and inconstant.
Summario in Interlingua
Durante un periodo do 15 minutas de ischemia myocardial, le concentration do glycogeno descondeva. Iste reduction esseva grossiermente explicable per augmentos in hexosomonophosphato e in acido lactic. Fruetoso-l,6-diphosphato, dihydroxyacetono-phosphato, o pyruvato non se aecumulava. Le concentration myocardial de adenosinotriphosphato declinava. Le re-perfusion del cordo ischemie con sanguine oxygenate esseva accompaniate de inconstant alterationes in glycogeno myocardial e do un rapide reduction de hexosomonophosphato. Le reduction do hoxosomonophosphato oceurreva mesmo quando le myocardio ischemie esseva. perfundite con. un disoxygenate e tamponate solution salin e es attribuite al minus in parte a elution de acido lactic. Adenosinotriphosphato se augmentava constanteinente quando le corde esseva perfundite con sanguine oxygenate eontinente 15 mM de KG1 pro prevenir activate cardiac. Quando le KC1 esseva omittite, fibrillation e irregularitates del contraction se manifestava intra 1 a 2 minutas. Sub iste conditiones lo augmento del adenosinotriphosphato esseva irregular e inconstanto.
